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Drosophila embryos de®cient for programmed cell death produce 9 midline glia (MG) in addition to the wild-type comple-
ment of 3.2 MG/segment. More than 3 of the supernumerary MG derive from the MGP (MG posterior) lineage and the
remainder from the MGA/MGM (MG anterior and middle) lineage. There is one unidenti®ed additional neuron in the
mesectoderm of embryos de®cient for apoptosis. The supernumerary MG are not diverted from other lineages nor do they
arise from an altered pattern of mitosis. Instead, these MG appear to arise from a normally existing pool of 12 precursor
cells, larger than anticipated by earlier studies. During normal development, MG survival is dependent upon signaling to
the Drosophila EGF receptor. The persistence of supernumerary MG in embryos de®cient for apoptosis does not alter the
spatial pattern of Drosophila EGF receptor signaling. The number and position of MG which express genes dependent
upon EGF receptor function, such as pointed or argos, are indistinguishable from wild type. Genes of the spitz group are
required for Drosophila EGF receptor function. Surviving MG in spitz group/H99 double mutants continue to express
genes characteristic of the MG, but the cells fail to differentiate into ensheathing glia and are displaced from the nerve
cord. q 1997 Academic Press
INTRODUCTION in response to signals of dorsal±ventral position, mediated
by transcription factors Twist and Snail (Kosman et al., 1991;
Nambu et al., 1990). Enhancer trap mutagenesis has providedIn bilaterally symmetrical organisms, the midline of the
a rich source of markers for individual cell types of the mes-nervous system performs a central role in the generation of
ectoderm. These have been applied in studies of lineage anda median boundary that guides both tissue morphogenesis
determination within this compartment (Klambt et al., 1991;and the generation of neuronal connectivity during em-
Crews et al., 1992). These studies suggest that eight midlinebryogenesis (Placzek, 1995; Goodman, 1996). In Drosophila,
progenitors produce, from anterior to posterior, three progen-a single row of cells, termed the mesectoderm, separates
itors for midline glia (MG), one progenitor for two MP1 neu-the presumptive mesoderm from ectodermal tissue before
rons, three progenitors for ventral unpaired median neurons,and after gastrulation. After gastrulation these cells divide
and one progenitor for the median neuroblast (KlaÈmbt et al.,and delaminate from the ectoderm to establish the midline
1991; Sonnenfeld and Jacobs, 1994). Enhancer trap studiescells of the nervous system (KlaÈmbt et al., 1991; Nambu et
have been complemented with vital dye lineage tracing. Theal., 1993). Subsequently, a subset of midline cells express
progeny of MECs which were labeled with DiI during stagecommissureless and D-Netrin-A, which appear to provide
8 have been characterized and mapped to seven or eight MECmidline positional signaling within the developing nervous
progenitors. From the anterior of the segment, these includesystem (Mitchell et al., 1996; Tear et al., 1996).
at least one MG progenitor, followed by one MP1, three ven-The mesectoderm represents a restricted developmental
tral unpaired median (VUM) cell progenitors, a previouslycompartment derived from seven to eight precursor cells per
unidenti®ed MEC, the unpaired median interneuron (UMI),segment at the time of gastrulation (Bossing and Technau,
and one median neuroblast (MNB) progenitor (Bossing and1994). Many of these cells are the ®rst nervous system cells
Technau, 1994).to become postmitotic and differentiate into identi®ed cell
The ®rst MEC cell type characterized was the MG, largetypes (Springer and Rutschky, 1969). Mesectodermal cells
cells associated with the establishment, morphogenesis,(MECs) provide an attractive model of lineage analysis. MEC
identity is established by expression of single-minded (sim), and ensheathment of the commissural tracts (Jacobs and
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Goodman, 1989). The function of sim and segment polarity
genes appears to be required for the determination of MG
precursors (Nambu et al., 1990; unpublished observations).
Their continued survival and differentiation into ensheath-
ing glia requires function of the Drosophila EGF-receptor
(DER) pathway (Sonnenfeld and Jacobs, 1994; Scholz et al.,
1997). The MG enter apoptosis in embryos de®cient in DER
signaling. In wild-type embryos a subset of MECs which
express genes characteristic of the MG lineage undergo
apoptosis (Sonnenfeld and Jacobs, 1995). These cells die
after commissure separation has been performed, suggesting
that MG represent a transient cell type, which is needed
in fewer numbers after early morphogenetic functions are
complete. Mutants which augment DER-mediated signal- FIG. 1. The number of cells expressing single-minded (P[sim-
ing have a greater than normal number of surviving MG, lacZ]) or slit (P[slit-lacZ]1.0) reporters in wild-type embryos (solid)
and embryos homozygous for the H99 de®ciency (open) are con-suggesting that the DER pathway functions to regulate the
trasted from stage 8 to late embryogenesis (stage 17).number of MG progenitors that undergo programmed cell
death (Stemerdink and Jacobs, in press).
To further clarify the role of apoptosis in the regulation
of embryonic MG lineage, cell numbers in embryos de®-
Histologycient for apoptosis have been examined. Unexpectedly, be-
tween 8 and 12 supernumerary MG were reported, greater Embryo ®xation and immunocytochemistry was performed as
described (Patel, 1994) employing anti-b-galactosidase polyclonalthan could be accounted for by existing models of MEC
antibody (Cappel), anti-BrdU (Becton±Dickinson), and monoclonallineage determination, which predict 2 or 6 MG precursors
102 (provided by C. Goodman), imaged with HRP-conjugated or(Sonnenfeld and Jacobs, 1995; Zhou et al., 1995).
FITC-conjugated secondary antibodies (Jackson Immunoresearch).This study was undertaken to further clarify the origin
For BrdU and b-galactosidase double labeling, embryos were pro-of the supernumerary MG in Df(3L)H99 embryos, which
cessed for HRP immunochemistry after BrdU incorporation em-
lack three genes, reaper (rpr), head involution defective ploying established technique (Bodmer et al., 1989). Embryo ®xa-
(hid), and grim, whose expression can initiate apoptosis tion commenced 30 min after a 30-min BrdU incorporation period.
(Grether et al., 1995; Chen et al., 1996; White et al., 1996). After HRP immunochemistry was complete the embryos were hy-
Embryos homozygous for this de®ciency lack almost all drolyzed in 2 N HCl for 30 min before BrdU immunolabeling was
apoptosis (White et al., 1994). Prior to the normal onset of performed.
Following HRP immunochemistry, in situ hybridization to RNAapoptosis, no differences in MEC lineages were observed
was performed according to Tautz and Pfei¯e (1989) with modi®ca-between wild-type and Df(3L)H99 embryos. The supernu-
tions by D. Mellerick (Mellerick and Nirenberg, 1995). The vectormerary MG appear to be persistent MECs that are present
for generation of DER probe was generously provided by E. Biertransiently in wild-type embryos. This suggests that the
(Sturtevant et al., 1994) and the vector for generation of rpr probewild-type number of 3 MG per segment is selected from
was provided by H. Steller (White et al., 1994).
among 12 progenitors. Supernumerary MG remain arrested Embryos were dissected in Schneider's medium (Gibco) before
in a premigratory phenotype typical of MG up to late stage ®xation for electron microscopy on Thernamox plastic. b-Galactos-
12, a condition that does not require function of the DER idase histochemistry with bluo-gal substrate was processed ac-
signaling pathway. cording to published protocols (KlaÈmbt and Goodman, 1991; Son-
nenfeld and Jacobs, 1995).
Cell Counts
MATERIALS AND METHODS
Cell numbers were determined from camera lucida tracings of
immunolabeled embryos. The total number of labeled cells from
abdominal segments 1 through 7 were summed and divided to gen-Drosophila Stocks
erate average cell numbers per segment, per embryo. Averages from
several embryos were used to generate means and standard error.Df(3L)H99, obtained from H. Steller, was originally recovered by
Mackay and Bewley (1989). This de®ciency was maintained over
TM6B, P[Ubx lacZ w/] to allow independent identi®cation of
Df(3L)H99 homozygotes. pntD88, generated by imprecise excision RESULTS
of a P element insertion (Klaes et al., 1994), was provided by C.
KlaÈmbt. All other mutant stocks were obtained from the Blooming- Midline Glia Is the Only MEC Lineage Affected in
ton, Indiana, stock center. Enhancer traps employed here to identify Embryos De®cient for Apoptosis
mesectodermal lineages have been described elsewhere (KlaÈmbt
Previous studies identi®ed a role for programmed celland Goodman, 1991; Sonnenfeld and Jacobs, 1994; Stemerdink and
Jacobs, in press). death (PCD) in the reduction of MG numbers that occurs
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after commissure morphogenesis (Sonnenfeld and Jacobs, nau, 1994). The MP1 neurons express the P223 enhancer
trap. The VUMs can be identi®ed with the 22C10 mono-1995). We wished to determine whether other MEC lineages
might be similarly regulated. We have compared cell num- clonal antibody and so can a subset also expressing en-
grailed. The MNB and its progeny also express engrailed.bers between wild-type embryos and Df(3L)H99 (hereafter
abbreviated H99) embryos, which lack rpr, hid, and grim The unpaired median interneuron has no characterized mo-
lecular or genetic marker (Bossing and Technau, 1994). Cellgene functions and are de®cient for apoptosis. sim expres-
sion was assessed with P[sim/lacZ] reporter, which re¯ects numbers for the MP1, VUM, and MNB progeny were com-
pared between wild type (Figs. 2G, 2I, and 2K) and H99 (Figs.early sim expression (Nambu et al., 1991). No difference in
cell number between wild-type and H99 embryos was seen 2H, 2J, and 2L) and no differences were identi®ed. Counts
of X55-expressing neurons indicate no change in cell num-until early stage 13, when approximately 2 fewer mesecto-
dermal cells per segment were seen in wild-type relative to ber after stage 13, with one additional cell in H99 mutant
embryos (8.5 { 0.2) relative to wild type (7.3 { 0.2). WeH99 embryos (Fig. 1). Expression of markers speci®c to the
MG lineage, such as a 1.0-kb fragment of the slit enhancer conclude that additional cells in the MG lineage in H99
mutants are not derived from neuronal lineages.(Wharton and Crews, 1993) and the AA142 enhancer trap
begin expression during stage 12. In wild type, the numbers
of P[slit/lacZ]1.0-expressing cells peak during early stage 12
at 9.3 { 0.2 per segment, before the onset of AA142 expres- Additional MG are Persistent Progenitors
sion. During early stage 13 there are 7.1 { 0.3 P[slit/
lacZ]1.0- and 5.6 { 0.2 AA142-expressing MECs. The MG Supernumerary cells expressing MG markers in H99 mu-
tants might arise because modi®ed cell interactions alternumber stabilize by stage 16, when 3.2{ 0.1 P[slit/lacZ]1.0-
and 3.3 { 0.1 AA142-expressing cells persist per segment the pattern of MEC mitosis, because nonglial cells misex-
press MG markers, or because at least nine MG progenitors(Figs. 1, 2A, and 2C). In contrast to wild type, H99 embryos
average 1 additional P[slit/lacZ]1.0-expressing cell at stage fail to undergo apoptosis. To distinguish among these vari-
ous possibilities we examined the origin of the supernumer-12 (10.2 { 0.3 cells/segment), rising to 12.0 { 0.3 at stage
16 (Fig. 2B). AA142 averages 1 less cell per segment than ary MG more closely.
The ontogeny of expression of MG markers is remarkablyP[slit/lacZ]1.0 counts at all stages (11.3 { 0.4 at stage 16;
Fig. 2D). To summarize, MG number in H99 embryos is similar between wild-type and H99 embryos, as seen in Fig.
3, which compares the pattern of reporter expression ofnot signi®cantly different before stage 13. Thereafter, MG
number declines in wild-type but not in H99 embryos. P[slit/lacZ]1.0. The patterns are indistinguishable until late
stage 13, when the ®rst apoptotic bodies are seen in wildWe wished to determine the relative contribution of ante-
rior and posterior MG lineages to the population of supernu- type (Fig. 3E). Thereafter, MG numbers decline in wild type
and remain constant in H99 embryos, suggesting the initialmerary MG. Previous studies established the posterior MG,
termed the MGP, as a transient cell which does not survive number of progenitors is the same in both genotypes.
This observation suggests that the pattern of mitosis isto late embryogenesis (Sonnenfeld and Jacobs, 1995). The
MGP lineage can be visualized independently from MGA not altered in H99 mutants. To test this hypothesis, we
examined the temporal pattern of DNA replication in wild-(anterior) and MGM (middle) with the X55 enhancer trap,
which is expressed in ventral MEC neurons and the dorsal type and H99 mutant embryos. Embryos were permeabil-
ized and incubated in BrdU for 30 min and ®xed 30 minMGP. In wild type, there are approximately 2 MGP in each
segment at stage 12. Exact counts are not possible, as many afterward, between stage 6 and 16. The pattern of BrdU
incorporation was identical for all stages examined. DNAX55-expressing neurons, although smaller than the MG, are
also located in the dorsal CNS until stage 14. By stage 16, replication for cell cycle 14 occurs prior to cellularization
(Edgar and O'Farrell, 1990). Cytokinesis of cell cycle 14 oc-0.07 { 0.04 MGP persist in wild type (Fig. 2E), while 3.7 {
0.3 MGP are identi®ed in H99 mutant embryos, which is curs during stage 8, generating 16 MECs from 8 (Foe, 1989).
In both wild-type and H99 mutant embryos, we detectedgreater than the preapoptosis numbers estimated in wild
type employing AA142 or P[slit/lacZ]1.0 (Fig. 2F). We con- nearly synchronous BrdU incorporation in most MECs dur-
ing early stage 9, in preparation for cell cycle 15 (Fig. 4A).clude that the MGP lineage contributes 4 cells and the more
anterior MG lineage (MGA and MGM) contribute 5 super- The gradual increase in the number of sim-expressing cells
(Fig. 1) suggests that cytokinesis of cell cycle 15 is not syn-numerary cells in H99 mutant embryos.
Four neuronal MEC lineages have been identi®ed in previ- chronous. No further BrdU incorporation was observed in
the midline (Fig. 4B) until replication in the MNB lineageous studies (Sonnenfeld and Jacobs, 1994; Bossing and Tech-
FIG. 3. Ontogenesis of supernumerary cells in Df(3L)H99 embryos. The MG lineage, visualized by P[slit-lacZ]1.0 expression, is contrasted
between wild-type embryos (left column, wt) and H99 embryos (right column, H99). Early expression during stage 12/4 and early stage
13 in H99 embryos (B and D) is indistinguishable from wild type (A and C). By late stage 13 MG number has decreased in wild type (E)
but not in H99 embryos (F). Labeled apoptotic pro®les are evident between stages 13 (E) and 15 (G) in wild type. At stage 17, most wild-
type segments retain 3 MG (I) and most H99 segments have 12 MG.
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pressing MECs as well as in X55-expressing MGP in late
stage 12 wild-type embryos (Fig. 5).
To verify that supernumerary MG reporter-expressing
cells were glia, we examined the expression of the neuron-
speci®c factor elav in wild-type and H99 embryos. There
was no overlap of Elav immunolabeling and AA142 expres-
sion in either genetic background, suggesting that AA142-
expressing cells are not neurons that misexpress MG mark-
ers (data not shown).
Finally, we examined the ultrastructure of MG in H99
embryos to determine whether they exhibit characteristics
of wild-type MG. To identify enhancer trap-expressing cells,
we have employed a substrate for b-galactosidase, bluo-gal,
which leaves an electron-dense precipitate. Labeled wild-
type MG have extensive endoplasmic reticulum and extend
lamellipodial processes which ensheath the axons of the
commissural tracts (Fig. 6A; Jacobs and Goodman, 1989).
Two morphological types of AA142-expressing cell are evi-
dent in H99 embryos. A subset of the labeled cells shows
relatively heavier deposition of bluo-gal precipitate. These
cells have greater cytoplasmic volume, more extensive la-
mellipodial processes, and extensive contact with commis-
sural axons. In contrast, the remaining labeled cells have
little or no axon contact. Although their nuclear size is not
apparently different, cytoplasmic volume is smaller and la-
mellipodial process formation signi®cantly reduced (Fig. 6B).
These data suggest that there is no alteration of MEC
lineage or cell determination in H99 mutant embryos and
that the supernumerary MG are persistent glial progenitors.
Supernumerary MG Do Not Alter the Pattern of
DER Signaling
Studies of gene function have established that Drosophila
EGF receptor pathway function is required for MG survival
(Sonnenfeld and Jacobs, 1994; Stemerdink and Jacobs, in
press). Without DER signaling, the MG undergo apoptosis.
Is there a requirement for DER signaling for MG function
in embryos de®cient for apoptosis? We examined MG func-
FIG. 4. BrdU incorporation in wild-type mesectoderm. Embryos tion in embryos mutant for DER signaling which were also
containing the P[sim-lacZ] reporter (A and B) and the P[slit-lacZ]1.0 de®cient for apoptosis to distinguish DER-dependent as-
reporter (C) were labeled for b-galactosidase (brown) and BrdU in- pects of MG function.
corporation (green) 30 min after a 30-min period of BrdU incorpora- Activation of the DER in MG progenitors results in phos-
tion. At early stage 9, most MECs labeled for sim expression also
phorylation of PntP2 and sustained expression of the pntincorporated BrdU (A, arrows); however, by stage 10, no BrdU incor-
and argos genes (Klaes et al., 1994; Stemerdink and Jacobs,poration was detected (B). During stage 13 a pair of MECs in each
in press). DER mRNA expression was detected in all P[slit/segment incorporate BrdU (C, arrow); however, these MECs do not
lacZ]1.0-expressing cells at all stages examined, in bothexpress the P[slit-lacZ]1.0 reporter.
wild-type and H99 mutant embryos (Figs. 7A and 7B). Nev-
ertheless, sustained pnt and argos expression was seen in
about three MG per segment in both wild-type and H99
mutant embryos (Figs. 7C±7F). In addition to three MGduring and after stage 13 (Fig. 4C). We conclude that early
mitosis in the MECs is not altered in H99 mutants. expressing the pnt1277 enhancer trap, an additional one or
two cells per segment show low levels of perdurant b-galac-If the supernumerary MG reporter-expressing cells are
MG progenitors, then expression of genes required for tosidase labeling in stage 15 H99 mutant embryos. This is
suggestive of earlier or lower levels of activation of pntapoptosis should be expressed in the MG lineage in wild
type. Previous reports identify rpr and hid expression in the expression in a larger number of MG progenitors in H99
embryos. These data suggest that the pattern of DER signal-nervous system (White et al., 1994; J. Nambu, pers. comm.).
We detected rpr mRNA expression in P[sim/lacZ]1.0-ex- ing is not signi®cantly altered in the absence of PCD.
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FIG. 5. reaper expression in the mesectoderm. Wild-type embryos carrying the P[sim-lacZ] reporter (A) were double labeled for b-
galactosidase (brown) and reaper mRNA (blue). At stage 12/3, one to four cells per segment label for both sim and reaper expression
(arrows). Later, at stage 12/0, one to two cells label for both X55 enhancer trap and reaper expression (B).
DER Signaling Is Required for Commissure Consistent with earlier studies, we found that slit expres-
Separation sion depends upon sim function in the presence and absence
of PCD (Nambu et al., 1990; Wharton and Crews, 1993;Expression of many MG-speci®c genes, including slit,
Figs. 8A and 8B). In embryos doubly mutant for H99 andprecedes PCD. slit, DER, and AA142 continue to be ex-
Star, spitz, or pointed, P[slit/lacZ]1.0 expression is main-pressed in supernumerary MG in H99 mutant embryos
tained in approximately 12 MG/segment (Fig. 8). However,which do not express pnt or argos. Apparently expression
the remaining cells have lost contact with the commissuralof some MG genes requires DER activation and others do
axons and form clumps on the dorsal surface of the nervenot, suggesting that supernumerary cells in H99 mutants
cord. Ventral displacement of MG was only seen in embryosmay be competent to perform some MG functions. The
doubly mutant for Star and H99 (Fig. 8D).MG fail to migrate between the commissures and undergo
Spitz group mutants are characterized by a narrowing ofapoptosis in spitz group mutants which have less DER
the nerve cord and the failure of MG migration required tosignaling (Sonnenfeld and Jacobs, 1994). We wished to
separate the anterior and posterior commissures (Sonnen-determine whether MG that persist in H99/spitz group
feld and Jacobs, 1994). If PCD is blocked in these mutants,double mutants retain a capacity to migrate or ensheath
axons. the narrowing of the nerve cord is reduced; however, the
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 6. Supernumerary midline cells in Df(3L)H99 embryos contact the commissural tracts. Sagittal views of the CNS at stage 14 are
shown for a wild-type (A) and a Df(3L)H99 embryo (B). Cells expressing the AA142 enhancer are labeled with electron-dense substrate
for b-galactosidase (bluo-gal; see arrowheads). Positions of the anterior (a) and posterior (p) commissures are indicated. Ensheathing cell
processes of the MG are indicated with arrowheads. Three MG are identi®ed with arrows in wild type (A), while at least seven AA142-
expressing cells are seen in Df(3L)H99 (B). Scale, 4.0 mm.
commissure fusion phenotype characteristic of the spitz Technau, 1994). We have con®rmed earlier reports of super-
numerary cells expressing markers of the MG lineage ingroup is unaffected (Fig. 9). We conclude that supernumer-
ary MG require spitz group function for MG migration and H99 mutant embryos, although our cell count of 12 MG-
like cells differs from 8, generated using the same lineageassociation with commissural axons.
marker, P[slit/lacZ]1.0 (Zhou et al., 1995). The origin of this
difference is unclear, because the studies employ identical
MG lineage markers. However, the counts in Zhou et al.DISCUSSION
(1995) were generated from segment A1 only, while this
study averaged MG number from A1 through A7.
Embryos homozygous for the H99 de®ciency have negligi-
ble levels of apoptosis (White et al., 1994). Three genes which
appear to function in triggering apoptosis have been identi- Spitz Pathway and MG Differentiation
®ed within this de®ciency, rpr, hid, and grim (Grether et al.,
1995; Chen et al., 1996). Loss of function of one of these Functional cells may be generated when rescued from
apoptosis in Caenorhabditis elegans (Avery and Horvitz,genes is not suf®cient to block all apoptosis; however, many
cell types will initiate apoptosis in response to directed ex- 1987). This appears not to be the case for most if not all cells
rescued from apoptosis in the mesectoderm. Two classes ofpression of one or more of these genes (Grether et al., 1995;
Chen et al., 1996; White et al., 1996; Zhou et al., 1997). We labeled MG were apparent in embryos homozygous for H99.
MG expressing both pnt and argos were found in wild-typehave demonstrated that rpr is normally expressed in the MG
lineage during embryogenesis; therefore, reaper likely medi- numbers, position, and ultrastructure. We believe that these
MG are those that are normally persistent in wild-type em-ates apoptosis in this cell type. Expression of both grim and
hid has also been reported in the nervous system (Grether bryos. Expression of genes dependent upon DER signaling
(pnt, argos) suggests that their differentiation into cellset al., 1995; Chen et al., 1996; Zhou et al., 1997).
Stimulated by earlier reports of apoptosis in the MG lin- which migrate between the commissures and engage in
commissural tract ensheathment results from DER activa-eage (Sonnenfeld and Jacobs, 1995), we have examined lin-
eage changes in the mesectoderm in embryos de®cient for tion. In contrast, most if not all remaining MG engage in
less axon ensheathment, do not interpose themselves be-apoptosis. We found no signi®cant changes in identi®ed
midline neuronal lineages, apart from an unidenti®ed extra tween the commissures, and retain ultrastructural mor-
phology of premigratory MG. These MG continue to expresscell expressing the X55 enhancer trap. One possibility is
this supernumerary cell has UMI identity, a MEC lineage genes expressed before migration, including slit, sim, and
DER. In embryos doubly mutant for a spitz group gene andfor which no molecular markers are available (Bossing and
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FIG. 7. Expression of genes of the DER pathway in H99 embryos. The left column represents wild type (wt) and the right colum represents
H99 embryos. Embryos expressing the P[slit-lacZ]1.0 reporter were double labeled for b-galactosidase (brown) and DER mRNA (blue) (A
and B). At stage 15, DER is expressed in all slit-expressing cells in both wild-type and H99 embryos (arrowheads). Wild-type pointed
expression, monitored by the pnt1277// enhancer trap, was detected in three MG in each segment during stage 16 (C). In H99 embryos
three MG label at wild-type levels, and up to an additional three cells label weakly for pnt1277// expression (arrows, D). argos expression,
monitored by the argosw11// enhancer trap, was detected in three to four MG in each segment during stage 16 in both wild-type (E) and
H99 embryos (F). Arrowheads identify MGM in C, D, E, and F.
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FIG. 8. The fate of MG in embryos mutant for spitz group genes or double mutants for the spitz group and H99. MG visualized by P[slit-
lacZ]1.0 expression are represented in spitz group mutants (left column) and spitz group/H99 double mutants (right column) at stage 16.
There were no slit-expressing cells in either simB13.4 or simB13.4; H99 double mutants (A and B). In embryos mutant for Star (SIIN23, C) spitz
(Df(2L)E55, E), and pointed (pntD88, G), all slit-expressing cells undergo cell death; apoptotic pro®les are identi®ed with arrows. In SIIN23;
H99 double mutants, extra slit-expressing cells are displaced dorsally and ventrally around the nerve cord (D, arrowheads). In Df(2L)E55;
H99 embryos and pntD88, H99 double mutant embryos, extra slit-expressing cells are present and dorsally displaced within and over the
nerve cord (arrowheads in F and H).
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FIG. 9. Axon tract morphology in embryos mutant for the spitz group or double mutants for the spitz group and H99. CNS axon tracts,
visualized with monoclonal antibody BP102, are represented in spitz group gene mutants (identi®ed in the top row) and spitz group gene/
H99 double mutants (bottom row) at stage 16. (G±J), also doubly labeled for P[slit-lacZ]1.0 expression. The ladder-like structure of the
bilateral longitudinal tracts (l) joined by two commissural tracts (a, p) in each segment is similar bewteen wild type (A) and H99 embryos
(F); however the junctional regions between the longitudinal tracts and the commissures are thicker in H99 embryos (arrows in F). The
longitudinal tracts collapse at the midline in both simB13.4 (B) and simB13.4; H99 double mutants (G). In mutants SIIN23 (C), Df(2L)E55 (D),
and pntD88 (E) the CNS is narrower and the commissures are thicker and incompletely separated (arrows). Longitudinal tracts are thinner
(arrowheads). In embryos doubly mutant for spitz group genes and H99 (H, I, and J) the width of the CNS is close to wild type; however,
commissure separation remains incomplete.
the H99 de®ciency all the persistent MG retain a premigra- that this signal is reduced in embryos mutant for commis-
sureless (Tear et al., 1996). These embryos lack commis-tion phenotype, producing a fused commissure phenotype
typical of spitz group mutants. sures and have fewer suriving MG, which have moved later-
ally to contact the longitudinal tracts (Sonnenfeld and Ja-Although supernumerary MG in H99 mutant embryos
express DER, they apparently receive insuf®cient receptor cobs, 1995). MG survival signals may already be active
during stage 12, when commissural tracts are pioneered (Ja-activation to express genes dependent upon DER signaling.
It is possible that both DER signaling and MG migration cobs and Goodman, 1989). rpr expression by some MG is
seen in late stage 12 embryos, augurant of the ®rst apoptoticare triggered or facilitated by signals from contact with com-
missural axons. Axonal contact has been proposed as a sur- MG pro®les detected 40 to 60 min later during late stage
13 (Sonnenfeld and Jacobs, 1995).vival factor for vertebrate-ensheathing glia (Burne et al.,
1996; Hiraiwa et al., 1997). Such a signal would be available In the MG and other cell types, argos expression is depen-
dent upon pnt function (Gabay et al., 1996; Stemerdink andonly to the ®rst MG adjacent to axons that pioneer the
commissural tracts during stage 12. We would anticipate Jacobs, in press). H99 embryos show weak or transient ex-
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pression of the pnt but not the argos enhancer trap in one may divide twice between gastrulation and stage 12. This
is consistent with serial section analysis, which identi®edor two MG per segment. Transient pnt expression suggests
that these MG have received DER signaling, but not suf®- 26 cells in the CNS midline at the start of germ band retrac-
tion (KlaÈmbt et al., 1991). The number of P[sim/lacZ]-ex-cient for wild-type MG survival. It has been demonstrated
that Argos, a secreted EGF-like protein which inhibits DER pressing cells rises after gastrulation from 14 to 20, also
re¯ecting that some MECs complete cell cycle 15 betweensignaling (Freeman et al., 1992), also reduces the number
of surviving MG. Embryos lacking argos function have an stage 9 and stage 12, before the onset of normal apoptosis.
This increase is suf®cient to account for the higher numbersadditional one or two MG per segment (Stemerdink and Ja-
cobs, in press). It is possible that the extra MG seen in argos of MG than expected from previous studies (KlaÈmbt et al.,
1991; Bossing and Technau, 1994).mutants received DER activation which was suf®cient to
generate weak pnt expression. In wild-type embryos, Argos It remains to be clari®ed how the MG progenitors are
selected from the MEC population. Further insight intosecretion from adjacent MG would ensure these cells would
enter apoptosis. In argos mutants, this inhibition is lacking MEC lineage segregation will bene®t from a combined anal-
ysis of enhancer trap and DiI lineage tracing and a preciseand the MG survive. In H99 mutant embryos, transient pnt
expression observed in these MG (Fig. 7D) may re¯ect the assessment of the pattern of mitosis in the mesectoderm.
action of secreted Argos upon these cells.
These results suggest that restricted DER activation by
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